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2 in the utility of Mg as an electrode material in both primary and secondary battery systems, due to its high energy density [6, 7] . As well recognised, the inherently high rate of Mg corrosion in aqueous environments restricts the wider engineering application of Mg [1, 3, 8] . The high dissolution rate of Mg anodes at open-circuit causes "parasitic discharge" issues in primary Mg battery systems [9] [10] [11] . Thus, using appropriate approaches for controlling the corrosion of Mg is of vital importance.
Compared to common engineering metals, Mg is highly reactive in aqueous environments [1, 12] .
Water reduction (2H 2 O + 2e -H 2 + 2OH -) is the primary cathodic reaction which has few kinetic limitations, such as no requirement for the presence oxygen [13] . Magnesium itself is incapable of forming a passive surface oxide/hydroxide layer in aqueous or moist environments of pH < 11 [1, 12, 13] , and consequently, corrosion of Mg occurs readily over a wide pH range (from about pH -2 to ~10.5) [12] . Furthermore, under anodic polarisation, the rate of partial cathodic reaction upon Mg, which is the hydrogen evolution reaction (HER), also increases substantially with increasing anodic potential. This phenomenon is termed the "negative difference effect (NDE)", which has been documented for several decades [14] [15] [16] [17] [18] [19] . The recent works of Williams and co-workers described a so-called anodically induced "cathodic activation" phenomenon, which was clarified using the scanning vibrating electrode technique (SVET) [20, 21] . The notion that cathodic (catalytic) activity is enhanced by prior anodic polarisation has also been confirmed in a variety of tests using conventional electrochemical methods [19] . In addition, cathodic activation of Mg has been found to occur in chloride containing electrolyte without any external polarisation [22] . The anodic reaction kinetics of Mg dissolution as assesses from potentiodynamic polarisation testing curve reveals a very low Tafel-slope, concomitant with the inherently non-polarisable nature of Mg [13] .
As such, small changes in cathodic kinetics have a significant effect on the overall corrosion rate of Mg, and corrosion of Mg may be considered a "cathodic reaction controlled" process.
With respect to the control of Mg corrosion, either utilisation of surface protective coatings or appropriate alloying is required [23] [24] [25] [26] . Corrosion protection of Mg by surface treatment incurs a significant cost in many cases, in addition to coatings on Mg being inherently restricted to barrier coatings that are unable to protect at defect sites. Consequently, corrosion resistant Mg alloys via alloying remain an attractive route. Unlike the improvement of mechanical properties by alloying, which is widely reported in the literature [2, 27, 28] ; alloying additions generally increase the rate of cathodic reaction and anodically induced cathodic activation upon Mg, leading to more severe M A N U S C R I P T
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[33]. The limited solid solubility of a wide range of elements in Mg [24, 27] restricts the use of appropriate alloying (to a critical concentration) required to modify the surface oxide layer properties. The exceptional case has been reported in the recent work of Xu et al. [34] , wherein an Mg-10.9Li (wt.%) alloy with a body centred cubic (bcc) structure was developed. The Mg-Li alloy possessed a dynamically formed Li-rich carbonate surface film, which provided remarkable corrosion resistance [35] . However, imparting this stainless-like character to other Mg alloys with hexagonal close packed (hcp) structure via forming an inherently formed passive surface films as similar to Mg-Li alloy, is challenging [36] . Thus, the development of corrosion resistant Mg alloys via metallurgical alloying is indeed an aspect of important work.
A recent breakthrough in the development of an intrinsically corrosion resistant Mg alloy was achieved via the use of microalloying additions of arsenic (As) [37] , to reduce cathodic kinetics and suppress cathodic activation, imparting remarkable corrosion resistance to Mg. However, the use of As is considered problematic in industrial manufacturing (or even laboratory testing) owing to the toxicity of As. Therefore, the pursuit of less toxic elements to control the corrosion of Mg in a manner similar to that demonstrated by Mg-As, would provide a practical corrosion control route.
The corrosion protection imparted by the small concentration of metallic As relies on the ability of As species to serve as a poison for cathodic reaction and to hinder cathodic reaction and overall corrosion reaction of Mg [38, 39] . In addition, cathodic poisons are capable of effectively retarding the rate of cathodic reaction at low concentrations [40, 41] . In pursuit of elements that possess similar inherent catalytic traits with As, but with less toxicity, a number of group 14 and 15 elements including bismuth (Bi), germanium (Ge), lead (Pb), antimony (Sb), and tin (Sn) were studied herein [42, 43] .
There exist several reports regarding the influence of aforementioned group 14 and 15 elements on the corrosion of Mg and Mg alloys. It was reported by Tak et al. [44] that addition of Bi (0.5-15 wt.%) deteriorated the corrosion resistance of Mg-1.2Ca alloy. The work of Zhou et al. [45] indicated that combined addition of 1.0 wt.% Bi and 0.4 wt.% Sb to AZ91 alloy resulted in more rapid corrosion. In the case of Ge, an early study by McDonald in 1942 [46] investigated a number of Mg binary alloys with Ge alloying additions (0.1~10 wt.%). It was suggested that 0.5~5 wt.% of Ge was the optimum range to improve the yield and tensile strength of the alloys [46] . Recent work by Kim et al. [47] suggested that the corrosion rate of Mg-Ge binary alloys (0.5~2 wt.%) was lower
Mg alloys with heavy alloying loading and Ge alloying can affect the surface film stability [24, 26, 36] . Hanawalt et al. in 1942 [48] , suggested that Pb additions did not deteriorate the corrosion of Mg-Pb alloys up to 5 wt.%. The use of Pb alloying to produce Mg anode material has been studied by the works of Wang et al. [49] [50] [51] [52] with Mg-6Al-5Pb (wt.%) and Mg-6Al-5Pb-1In (wt.%) alloys;
reporting that the Pb containing alloys displayed more significant anodic reaction activity and subsequently demonstrated higher discharging current density output in the context of Mg battery.
In another study by Cicek et al., [53] the corrosion resistance of Mg-10Al-12Si alloy (wt.%) was improved with Pb addition (0.2~1 wt.%). Whilst, alloying AZ91 alloy with Pb addition was reported to have a negative effect on the corrosion resistance of the alloy [54] . As similar to Pb, the addition of Sb was also found to be detrimental for the corrosion of AZ91 alloy, which increased cathodic kinetics and led to a more rapid corrosion [54] . As for the case of Sn, Wang et al. [55, 56] indicated that addition of Sn (1~3 wt.%) to Mg-6Al-1Zn and Mg-6Al-5Pb-0.5Mn-0.5RE increased the anodic kinetics of the alloy. Song [57] reported that 2 wt.% of Sn to Mg-7Al-0.2Mn (wt.%) alloy accelerated the anodic kinetics of the alloy. In the binary context, Gu et al. [58] indicated that the corrosion rate of Mg-1Sn (wt.%) was more rapid than pure Mg. Contradictorily, Ha et al. [59] described an extruded Mg-Sn alloy with a heavy Sn loading of 5 wt.%, which displayed improved corrosion resistance in comparison to pure Mg.
The above-mentioned studies generally investigated the corrosion behaviour of Mg alloys with comparatively large alloy loadings of group 14 and 15 alloying elements -with such alloying either utilised as ternary or quaternary alloying additions. In such cases, the impact of the alloying may have been overwhelmed by the complex metallurgical reactions between the alloying additions and other elements (such as Mn and rare earth elements) present. Thus, the primitive influence of group 14 and 15 elements on the corrosion and more specifically, the cathodic reaction kinetics upon Mg, have not been unambiguously elucidated yet. One effort in this aspect has been demonstrated by a recent study by Liu et al., [60] where micro-alloying additions of Ge (0.1 wt.% and 0.3 wt. %) suppressed cathodic kinetics and cathodic activation of Mg, imparting a significant corrosion resistance to Mg.
The work herein was uniquely designed on the basis that the micro additions of group 14 and 15 elements (≤ 0.5 wt.%) were used as a binary alloying addition to Mg, which rules out any possible complex (metallurgical) interactions with other elements in the alloy. The aim of this work is to comprehensively explore the possibility of micro-alloying the elements: Bi, Ge, Pb, Sb and Sn to
nominal purity of 99.95 %, from Amac, Australia. Alloying elements including Bi, Ge, Pb, Sb and Sn, were from Alfa-Aesar, USA, acquired with purities of at least 99.9 %. Alloy melting was carried out within a Leybold-Heraeus ISO1/III induction furnace. Prior to melting, induction furnace chamber was evacuated and backfilled with the protective gas consisting of Argon and HFC-134a in a ratio of 10:1; to a positive pressure (of slightly above 1 atm). The alloy melt was heated to 750 °C in a boron nitride coated steel crucible and held for about ~30 mins with at least 4 stirring procedures (using a boron nitride coated steel rod) during this period, to ensure a good mixing. The melt was cast in the protective atmosphere, into a graphite coated steel mould preheated to 200 °C, then left to cool to room temperature.
For each elemental alloying addition studied, two alloys with two target concentrations (in no cases greater than 0.5 wt.%) were produced in this study. The precise chemical composition of the alloys and pure Mg used in this study were independently determined via inductively coupled plasma atomic emission spectroscopy (ICP-AES), by Spectrometer Service (Australia), and the results of which are listed in Table 1 .
For all the alloys produced herein, the concentration of impurity elements such as Fe, Cu and Ni, were all well below the so-called impurity threshold value [15, 48] , despite the small variation (within 0.01 wt.%). This provides confidence that the findings represent the influence of deliberate alloying elements.
Polarisation experiments
Specimens for polarisation testing were prepared to a 1200 grit SiC paper finish under ethanol. An electrochemical flat cell (K0235, Princeton Applied Research, USA) was used for all electrochemical tests, employing a 1 cm 2 working electrode, a saturated calomel electrode (SCE) reference electrode and a Pt mesh counter electrode. All electrochemical tests were carried using a Bio-logic VMP 3Z potentiostat.
Unbuffered 0.1 M NaCl (pH 6) was employed as the test electrolyte for all electrochemical testing.
In selected tests, to study the effects of pH on the cathodic activation of Mg-alloy specimens, two buffered solutions, 0.1 M NaCl at pH 3 (pH adjusted using 0.1 g/L sodium acetate and 5.9 g/L acetic acid buffer), and 0.1 M NaCl at pH 11 (pH adjusted using 0.9 g/L sodium hydroxide and 2.1
A polarisation scan rate of 1 mV/s was used, with separate anodic and cathodic scans carried out.
Anodic scans were carried out from 100 mV below the open circuit potential (OCP) to -1000 mV vs.
SCE. Cathodic scans were performed from 20 mV above the OCP to a potential of -2.2 V vs. SCE.
A cyclic galvanostatic-potentiostatic technique was applied for further quantitative analysis of anodically induced cathodic activation of Mg, as used in previous reports focused on testing the cathodic activation of Mg [19, 61, 62] . The technique involved a cyclic anodic galvanostatic current applied in a stepwise increasing manner from 0.025 to 2.5 mA/cm 2 with a 2 min duration for each step. A potentiostatic signal at a fixed potential of -2 V SCE was applied in between each anodic polarisation step, in order to evaluate the corresponding cathodic current in response to prior anodic polarisation. The galvanostatic-potentiostatic testing was repeated with a testing regime of higher anodic polarisation current, ranging from 2~24 mA/cm 2 to comprehensively reveal the variation of cathodic current sustained upon Mg surface in response to higher anodic polarisation. The cyclic testing was executed independently in three different electrolytes, using unbuffered 0.1 M NaCl at pH 6 (unbuffered), 0.1 M NaCl at pH 3 (buffered) and 0.1 M NaCl at pH 11 (buffered) to assess the effects of pH on the enhanced cathodic catalytic activity on each anodic polarised Mg alloy specimen surface.
Microstructural analysis
The microstructure of samples herein was investigated using a JEOL 7001F scanning electron microscope (SEM) in back scattered electron mode (BSE). Specimens for SEM observation were metallographically prepared to 0.05 µm surface finish using colloidal silica suspension. The surface corrosion morphology of specimens after 24 h immersion in 0.1 M NaCl was analysed using an Olympus upright optical microscope.
Mass loss and hydrogen collection
Mass loss and hydrogen collection testing were carried out to reveal the cumulative corrosion damage on the alloys tested. The preparation and cleaning procedures of immersion test samples were in accordance with the ASTM-G1-03 standard [63] . Specimens for immersion testing were cut from the as-cast ingots and metallographically prepared into cuboids with an exposed surface area of approximately 5 cm 2 . All specimen surfaces were ground to a 1200 grit SiC paper finish and cleaned by sonication in ethanol, followed by accurate measurement and weighing. Immersion testing was performed in quiescent and naturally aerated 0.1 M NaCl at 25 °C for 24 h, during
Atomic emission spectroelectrochemistry (AESEC) measurements
The AESEC measurement as developed by Ogle has been previously described in details [64] [65] [66] [67] .
This technique involved the use of a scanning flow cell coupled with an inductively coupled plasma optical emission spectrometer (ICP-OES). A flow cell which permits a three-electrode configuration (012799, ALS Co., Ltd, Tokyo, Japan) was used in the studies herein. Unbuffered 0.1 M NaCl was used as the electrolyte, which was continuously pumped through the working electrode surface and onto the ICP-OES instrument using a flow rate of 1.5 mL/s, allowing real time elemental analysis. This method has been shown to have high sensitivity of the detection of dissolved ion concentration, during the process of corrosion or polarisation of Mg [62] .
In this study, the concentration of the released Mg 2+ ion was measured as a function of time and related to the instantaneous dissolution rate of Mg samples by equation (1):
Where C M is the volume adjusted ion concentration, f is the electrolyte flow rate (1.5 mL/s) and A is the exposed working electrode surface area (0.6 cm 2 ). The conversion of the instantaneous dissolution rate to the partial elemental current density (j Mg 2+ ) was determined via Faraday's law, as shown in equation (2):
Where z is the valence, equal to 2 for Mg, and F is the Faraday's constant.
A Bio-logic SP-50 potentiostat was used for the electrochemical control during AESEC. The ICP-OES instrument used in this study was a Perkin Elmer Optima 8000 ICP-OES Spectrometer, which was controlled by Syngistix software. The emission wavelength utilized for Mg was 279.077 nm with a detection limit of ~ 1 ppb.
backscattered electron (BSE) mode using SEM. The general microstructures observed in this work are shown in Fig. 1 .
What is evident from Fig. 1 is that the microstructures of pure Mg, Mg-0.5Sn and Mg-0.5Pb alloys were comprised of a single α-Mg phase; whereas intermetallic phases were observed in the α-Mg matrix of Mg-0.3Sb, Mg-0.5Bi and Mg-0.3Ge alloys, as evident by particles revealing bright contrast (Fig. 1) (which is also the phase predicted by the Mg-Sb phase diagram). Conversely, extensive eutectic mixtures of "rod shape like" intermetallic phase were seen at the grain boundary of Mg-0.3Ge alloy, which was determined to be Mg 2 Ge (also predicted by the Mg-Ge phase diagram). Mg-0.5Bi alloy appeared to have discrete and spherical shape intermetallic particles dispersed near the "brighter" observed for all the alloyed specimens and pure Mg studied herein.
Potentiodynamic polarisation response of Mg-alloys
The typical potentiodynamic polarisation tests were carried out in quintuplicate and the representative polarisation curves of the Mg binary alloys produced herein are given in Fig. 2 .
Additionally, the curves shown herein include pure Mg (99.95%), representing the benchmark of zero alloying for comparison purposes.
alloying. Most of the alloys tested herein had similar anodic kinetics to that of pure Mg, based on polarisation testing. This is suggestive that these alloying elements have relatively minor effects on the anodic kinetics of Mg. Interestingly, the Mg-0.3Ge and Mg-0.5Pb alloys, however, presented an apparent "passive-type window" on the anodic branch of polarisation curve, ranging from E corr to ~ 280 mV above E cor . This revelation of a so-called passive-type window was attributed to the negative value of E corr which results from the lower cathodic kinetics (~-1.88 V SCE for Mg-0.3Ge
and ~-1.82 V SCE for Mg-0.5Pb) -as previously described for the case of alloying with arsenic [37] .
To fully evaluate the effects of alloying on cathodic kinetics, cathodic potentiodynamic polarisation testing with a downward scanning direction from E corr to a negative potential (-2.2 V SCE ), are provided in Fig. 3 .
The unique cathodic polarisation curves provide a visual presentation of the impact of the selected alloying elements, indicating a notable shift of cathodic kinetics towards lower rates over a wide range of potentials (Fig. 3) . (Fig. 4a ) and hydrogen gas evolved (Fig. 4b ).
Of all the tested Mg binary alloys herein, Mg-0.3Ge and Mg-Pb (with 0.1 and 0.5 wt.% alloying additions) alloys exhibited the largest improvement in corrosion resistance. It was also noted that other Mg alloys tested herein also revealed distinct corrosion performance, the merits of which, however, were not clearly indicated by prior polarisation testing. The primary reason for this is likely due to the fact that the cathodic activation and corrosion of Mg are time-dependent processes [21, 39] and the suppression of cathodic kinetics by alloying might become more predominant during the dissolution process of Mg. In addition, it was determined that corrosion rate of Mg alloys tested herein did not change linearly with the corresponding alloy loading (alloying element concentration). For instance, the rate of mass loss and hydrogen evolution for Mg-0.5Sn was ~5 times higher than that of Mg-0.1Sn; whilst, the corrosion rate of Mg-0.3Ge was approximately ~3
times lower in comparison to that of Mg-0.1Ge.
Corrosion morphology following 24h of exposure in 0.1 M NaCl
Optical micrographs of the surface morphology for the specimens tested herein, before and after the immersion / exposure testing (0.1 M NaCl for 24 h) are shown in Fig. 5 .
It was observed that a wide spread dark "filiform-like" corrosion morphology was present on the surface of pure Mg. This filiform-like corrosion morphology has been previously noted as typical for pure Mg and many Mg alloys [3, 19, 62, 72, 73] , and is of relevance to the evolution of local cathodes and anodes, during the corrosion process of Mg [20] [21] [22] .
In contrast, the corrosion morphology of the binary Mg-alloys revealed a comparatively minor extent of corrosion attack, concomitant with discrete corrosion sites. Such a distinct change in the corrosion morphology reveals the ability of group 14 and 15 alloying elements to inhibit the typical "filiform like" corrosion. The formation of this type of dark "filiform like" film is suggestive of enhanced cathodic activity upon corroded Mg surface [20, 39, 62] . As such, the differing corrosion morphology of the Mg binary alloys is posited to be related to the ability of the group 14 and 15 element additions to hinder the propagation of dark filiform-like corrosion films and to suppress cathodic activation.
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anodically polarised via stepwise galvanostatic cycles; whilst a cathodic potentiostatic signal at the fixed potential of -2 V SCE was applied between each anodic polarisation step to assess the cathodic kinetics in response to prior anodic polarisation. The abridged results of the galvanostaticpotentiostatic experiments for the binary Mg-alloys containing group 14 and 15 elements and pure Mg are seen in Fig. 6 . Fig. 6a reveals the data collected for the alloys tested under the anodic polarisation cycles from 0.025 to 2.5 mA/cm 2 . What can be readily observed is that measured cathodic current density increased after each anodic polarisation step for pure Mg. This indicates that enhanced cathodic kinetics of Mg arose from the prior anodic polarisation, which is also consistent with the previously reported works regarding the electrochemical evidence of anodically induced cathodic activation [19, 61] .
In the case of the Mg binary alloys studied, a marked decrease in the cathodic current density is observed (Fig. 6a) ; for example Mg-0.3Ge and Mg-0.3Sb alloys revealed a sustained lower cathodic current density by about a one order magnitude in contrast to (pure) Mg. Another salient feature seen from Fig. 6a is that the recorded cathodic current density of the Mg alloys remained essentially constant, irrespective of prior anodic polarisation. Such a stabilised cathodic current density following prior cyclic anodic polarisation suggests the ability of alloying additions of Bi, Ge, Pb, Sb and Sn to halt the cathodic activation of Mg.
The cyclic galvanostatic-potentiostatic experiment was further carried out with a higher anodic dissolution range from 2 to 24 mA/cm 2 , as seen in Fig. 6b . A similar trend was observed for pure Mg, which displayed evidence of cathodic activation after polarisation. The binary Mg-alloys presented a lower cathodic current density in comparison to that of pure Mg, however a slight enhancement of cathodic kinetics was observed for the binary Mg-alloys when the applied dissolution current density was larger than 10 mA/cm 2 . It is noted however, that 10 mA/cm 2 is an exceptionally high current density that is concomitant with extensive dissolution -and hence an extreme test [39, 74] .
The pH of the test electrolyte (which was originally pH 6) increased to ~9 after the 0.025 to 2.5 mA/cm 2 cyclic galvanostatic-potentiostatic experiment, whilst the pH of the test electrolyte increased to ~10 following the experiment with 2 to 24 mA/cm 2 dissolution range. It merits
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In order to comprehensively assess the variation of cathodic kinetics in response to a prior anodic polarisation cycle of varying pH, cyclic testing with two exposure regimes (both 0.025~2.5 mA/cm 2 and 2~24 mA/cm 2 ) was repeated in isolated experiments using buffered 0.1 M NaCl at two different pH values of 3 and 11.
The abridged results of the cyclic testing with the exposure regimes in 0.1 M NaCl at pH 3 for alloyed specimens and pure Mg are shown in Fig. 7 ; where it was seen that cathodic current density measured upon pure Mg increased slightly, following an increase in the prior anodic dissolution current density. What is noted from the response of the binary Mg alloys is that the measured cathodic current density remained relatively constant, in spite of the aggressive nature of the test (which is also concomitant with surface area alteration induced by the high rates of dissolution in acidic solution). The empirical testing reveals that there was no appreciable enhancement of cathodic kinetics upon anodically polarised Mg surfaces in 0.1 M NaCl buffered at pH 3. However, it is noteworthy that a lower cathodic current density (relative to pure Mg) was also realised in Mgbinary alloys with addition of 0.1 wt.% Pb, 0.5 wt.% Pb and 0.2 wt.% Sb. (Fig. 8a) , whilst only a slight enhancement was observed when tested after exposure to the greater anodic range of 2~24 mA/cm 2 (Fig. 8b) . It may also be seen from Fig. 8 that the magnitude of cathodic current density sustained upon the Mg alloys with 0.3 wt.% Ge and 0.5 wt.% Pb was about one order magnitude lower than pure Mg over the range of all prior anodic polarisation conditions.
Overall, the results from galvanostatic-potentiostatic experiments in 0.1 M NaCl of varying pH ( Fig.   6-8 ), reveal the relative extent of cathodic activation for the alloys investigated herein. It was determined that the cathodic (HER) kinetics sustained by the specimens studied were lower in acidic conditions and higher in alkaline conditions. The incremental increase of cathodic activation was proportional to the increasing pH of the electrolyte. For example, the value of the cathodic current density sustained upon Mg following the cyclic anodic polarisation regime (0.025 to 2.5 mA/cm 2 ) was about ~1.67 times of the pre-anodic polarisation value at unbuffered pH 6; whilst the M A N U S C R I P T
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AESEC analysis of Mg-alloys
The at open circuit potential (OCP) Mg dissolution current density (j Mg   2+ ) of the binary Mg alloys with group 14 and 15 additions was determined from the concentration of Mg 2+ measured by ICP-OES of downstream electrolyte (Fig. 9) . Additionally, the data collected for pure Mg is also included in the plots for comparison purpose.
What is observed from inspection of Fig. 9 is that, for most Mg alloys, a peak of j Mg 2+ commenced immediately upon the initial few seconds' exposure to 0.1 M NaCl. Following this peak of early dissolution, j Mg 2+ gradually decreased to a plateau current density. The attainment of the relatively steady dissolution current density at OCP is ascribed to the formation of the surface film, which developed rapidly upon exposure to an electrolyte. Whilst, the exceptional case is the Mg-0.3Ge alloy, where a relatively constant and lower value of j Mg 2+ at OCP is observed, indicating a steady dissolution rate of the alloy.
From Fig. 9 , it can be seen that pure Mg sustained the highest dissolution current density at OCP, being in the range of ~150 to ~120 µA/cm 2 . This suggests that Mg corroded readily in the absence of any external polarisation. In contrast, the dissolution rate of the Mg alloys was much lower than that of Mg at OCP, whilst the minimum dissolution rate measured was ~70 µA/cm 2 with Mg-0.3Ge alloy. The relatively constant and lower value of j Mg 2+ sustained upon Mg-0.3Ge alloy reveals that alloying affects the partial anodic reactions at the condition of free corrosion (recalling that ICP-OES can only determine the rate of the anodic reaction). Polarisation testing in 0.1 M NaCl was carried out after 10 min OCP exposure to 0.1 M NaCl, using an electrochemical flow cell coupled to ICP-OES. The representation of polarisation data for the Mg alloys produced herein, along with the comparison of pure Mg is shown in Fig. 10 . Figure 10a presents the AESEC determined dissolution current density as a function of polarisation time (the term AESEC used to describe the online ICP-OES analysis in the presence of an external polarisation). The polarisation test was commenced from 100 mV below OCP to -1 V SCE with a potential scan rate of 1 mV/s. Thus, in the initial 100s, the specimens were cathodically polarised.
The dissolution current density of all the Mg alloys including pure Mg was slightly decreased within ~5 µA/cm 2 range during cathodic polarisation until E corr was reached. This indicates a M A N U S C R I P T
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15 66, 77, 78] . Upon the transition to anodic polarisation, the dissolution current density of the Mg alloys increased with increasing applied anodic potential. It can be seen that at the maximum anodic potential (-1 V SCE ), dissolution current density sustained upon pure Mg was ~140 µA/cm 2 . In contrast, the dissolution current density of the alloyed specimens with the maximum anodic polarisation was in the range of ~80 to ~100 µA/cm 2 , revealing a lower corrosion rate of the alloys associated that is also related to a reduction of the anodic partial current density independent of any other effects such as those on the cathodic partial current density. Again, it is emphasised for the purposes of interpretation, that AESEC analysis only probes the anodic partial reaction.
To further supplement the data in Fig. 10a , polarisation data presented in the format of applied potential versus log dissolution current density determined from AESEC analysis, as seen in Fig.   10b . It may be observed from Fig. 10b that the dissolution rate of pure Mg was comparatively higher than that of the custom prepared binary Mg alloys throughout the whole range of potentials applied. For potentials < ~-1.6 V SCE , the alloys displayed the trend of an initial slight decrease in j Mg 2+ under cathodic polarisation and subsequent j Mg 2+ fluctuation upon polarisation to E corr . In the case of anodic polarisation (> ~-1.6 V SCE ), j Mg 2+ increased log-linearly with the applied potential, which represents "Tafel-type behaviour". The Tafel slope of the binary alloys produced herein is higher than that of pure Mg. This further reveals the functionality of the group 14 and 15 alloying elements to suppress the dissolution of Mg while potentiodymanically polarised, independent of cathodic processes; a notion not previously reported. The polarisation curves obtained during AESEC analysis (Fig. 10b ) exhibit a substantial decrease in anodic partial current density both at OCP and under polarisation for all the binary Mg alloys in contrast to pure Mg. Such a feature was not readily revealed by polarisation experiments directly measured from the potentiostat with a conventional electrochemical cell (Fig. 2) , whereby the alloyed specimens exhibited similar anodic kinetics. In conventional electrochemical testing, the measured currents are a summation of anodic and cathodic reaction rates, however, AESEC is able to decouple the anodic reaction rate uniquely.
The primary reactions involved under anodic polarisation of Mg can be described by reactions (3) -
dissolution process of Mg. The reaction (5) occurs due to the localised alkalisation, as previously mentioned; whilst the reaction (6) is the overall reaction of reaction (3)- (5). The anodic and cathodic current densities are defined as j a and j c respectively. The net current density measured by the potentiostat, j net under anodic polarisation can be defined by the equation (7):
According to the Butler-Volmer equation, the cathodic reaction rate, j c should decrease with the increasing potential [13] . Whereas cathodic activation of Mg occurred under anodic polarisation, the j c continued to increase with the increase of applied potential. In many cases, some electrons generated by localised cathodic reactions or the direct formation of Mg(OH) 2 by reaction (6) were not fully tallied by the potentiostat. Thus, the value of net current density j net underestimates the dissolution rate of Mg samples, owing to the anodic polarisation induced cathodic activation.
However, the alloying applied herein suppressed the cathodic kinetics and cathodic activation of Mg, which (in some cases significantly) reduced the value of j c and suppressed cathodic activation;
resulting in a similar j net value for all the alloys. In contrast, the value of j Mg 2+ determined by AESEC analysis was independent of the alteration of cathodic current density during anodic polarisation. Furthermore, the lower magnitude of ICP determined dissolution current density (in comparison to that measured by potentiostat) suggests that a large fraction of ionised Mg species were involved in the formation of an insoluble film upon the surface of Mg (shown by reaction (6))
as a result of dissolution [35, 62] .
General discussion
Micro-alloying additions of group 14 and 15 elements to Mg notably decreased cathodic kinetics and were associated with a significant improvement of corrosion resistance for the binary Mg alloys produced herein. This was further interpreted by the lower value of mass loss and hydrogen evolved, following 24 h immersion in 0.1 M NaCl. The functionality of the alloying also includes a drastically-changed corrosion morphology from typical wide-spread "filiform-like" corrosion to superficial "discrete corrosion sites".
The potentiodynamic polarisation results conventionally measured with a potentiostat and static electrochemical cell indicated similar anodic kinetics for the binary Mg-alloys and pure Mg, which M A N U S C R I P T
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produced herein was lower than that of pure Mg at OCP and during polarised conditions.
The alloying additions of group 14 and 15 elements: Bi, Ge, Pb, Sb and Sn were determined to achieve similar cathodic poisoning effects on the corrosion of Mg, as previously reported in the Mg-As alloy [37] . Of all the alloys tested, Mg-0.3Ge alloy was demonstrated to possess the lowest cathodic reaction kinetics and the highest corrosion resistance.
The detailed mechanism of cathodic activation has yet to be determined. It has been hypothesised that impurity metals such as Fe, or Fe rich second phases, which have a low solid solubility and high over-potential for HER, could serve as primary cathodic sites that sustain the cathodic activity upon dissolving Mg [15, 40, 79] . A so called threshold value of impurity tolerance limit has also been defined (~170 ppm for Fe), beyond which the corrosion rate of Mg will significantly increase [2, 15, 80, 81] . The enrichment of the noble metal impurities following dissolution at OCP or anodic polarisation was expected to enhance the cathodic activity, because of the increase of the net area of the cathodic sites [19, 20, [82] [83] [84] . The presence of the noble metal impurity enrichment has also been validated by several independent studies, which employed a combination of methodologies including high resolution microscopy [84, 85] , Rutherford Backscatter Spectroscopy (RBS) [86] as well as nuclear microprobe particle induced X-ray emission (PIXE) analysis [83] .
Therefore, it is assumed that the enrichment of Fe containing phase could be associated with the cathodic activation of Mg. It has also been known in other fields that the kinetics of HER upon Fe has been dramatically affected by the presence of electro-catalytic poisons such as arsenic, antimony, bismuth and tin [40, 41, [87] [88] [89] [90] [91] . ppmw to 13000 ppmw) [95] . It was revealed that the efficiency of Fe enrichment following anodic dissolution was estimated to be low (less than 1%). In addition, the enhanced cathodic activity was M A N U S C R I P T
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Cyclic electrochemical experiments in electrolytes of varying pH were performed as a complementary test to further assess the cathodic activation tendency of the Mg binary alloys. The results demonstrated the ability of the alloying to suppress cathodic activation produced by prior anodic dissolution cycles in a wide range of pH. Such results provide a meaningful approach for utilising Mg alloys as electrode materials for example, in Mg primary batteries. Hydrogen evolution and "parasitic discharge" issues that occur during the on-off cycles for Mg primary batteries, often are associated to premature battery failure [9, 10] .
The extent of cathodic activation upon Mg specimens was also observed to increase with increasing Mg alloys. Furthermore, it is also of great relevance for the development of corrosion resistant Mg electrode materials and self-discharge resistant Mg primary batteries. The use of the group 14 and 15 elements as ternary or quaternary combinations for Mg alloys production should also be investigated in future, aiming to produce Mg alloys with both appreciable corrosion resistance and desirable mechanical properties.
M A N U S C R I P T A C C E P T E D
20 may be drawn from the results.
1. Microalloying additions of Ge, Sb, Pb, Sn and Bi demonstrated a marked ability in decreasing cathodic kinetics upon Mg, in the order they were listed.
2. In addition to the suppression of cathodic kinetics, alloying additions explored herein also imparted appreciable corrosion resistance to Mg, as evident from the mass loss experiment, hydrogen collection and AESEC testing. Of all the composition tested, 0.3 wt.% Ge was empirically determined -from the compositions studied herein -to be the most effective alloying addition in the context of corrosion control. 
